A genetic probe encoding a virulence gene from Salmonella typhimurium was useful in the detection of Salmonella from feces during an outbreak of salmonellosis at a local dairy. A 3.2-kb BamHI restriction endonuclease fragment of the S. typhimurium virulence plasmid, pStSR100, has been useful as a DNA probe for both detection of Salmonella sp. and characterization of virulence plasmids from numerous field isolates. This virA probe hybridizes to a highly conserved gene carried on the large virulence plasmids of invasive Salmonella isolates. Colony blots prepared from feces directly plated onto MaConkey's agar failed to detect low numbers of Salmonella sp. However, hybridization of the virA probe to vacuum blots or colony blots prepared from feces in tetrathionate enrichment broth incubated for 16 hours at 37 C was effective for detecting Salmonella sp. and resulted in an 85.9% correlation with culture results. The probe also demonstrated the highly conserved nature (96%) of the virulence gene among S. cholerae-suis isolate plasmids detected using Southern blot analysis.
Many Salmonella sp. carry large virulence plasmids in our laboratory indicate that a 32-MD plasmid of S. of sizes that are characteristic for individual sero-cholerae-suis is highly conserved and includes the virA types. 4, 10 These plasmids encode several gene products genes, which confirms earlier reports of the conserved important for infection, invasion of the lymphatics, S. cholerae-suis virulence plasmid. Conserved regions and septicemia and encode conserved regions con-of the virulence plasmid were of interest to our labotrolling replication and partition. An 8.0-kilobase pair ratory for potential use as immunogens.
(kbp) SalI/XhoI plasmid DNA fragment common to
The diagnostic value of the virA gene probe became S. typhimurium, S. dublin, and S. enteritidis encodes evident when several salmonellosis suspect cows from a 28-kD protein that enhances virulence as measured a local dairy were submitted for necropsy and cultured by infection of the liver and spleen of the mouse positive for Salmonella sp. Fecal and milk samples mode1. 12 A 3.2-kbp BamHI fragment of S. typhimufrom other cows in the herd were screened for Salrium plasmid pStSR100 was isolated and cloned into monella by conventional culture techniques. We also a pACYC184 replicon to form pYA426. 3 This recomexamined the ability of the virulence specific virA probe binant is capable of restoring invasive virulence to to hybridize to DNA from samples to be screened for plasmid cured strains. Tn5 insertion mutants of the presence of invasive Salmonella sp. The current pYA426 are greatly attenuated in their virulence. Genes emphasis on food safety has spurred development of homologous to virA present on large single-copy plasmids of serovars S. cholerae-suis, S. dublin, S. enter-sensitive, accurate methods for detection of pathogenic Salmonella sp. Use of DNA probes, especially used in itidis, S. gallinarium, S. pullorum, and S. typhimurium combination with DNA amplification now possible have been demonstrated. 11 Recently, a 1.2.kbp BamHI/ because the virA DNA sequence has been published, 2 EcoRI fragment was subcloned into pUC19 to form will provide very sensitive methods for detecting even pGTR001 and was found to encode a 28-kD protein, low level Salmonella shedders.
VirA. 2
The virA gene is a valuable probe for comparing numerous field isolates of S. cholerae-suis, a frequently
Materials and methods
isolated pathogen of swine. Plasmid profiles generated Bacterial strains. All strains used in this study are described in Table 1 . The 4 S. typhimurium isolates were received from Drs. R. Curtiss III and P. Gulig. Bovine and Table 1 . Bacterial strains used in detection of Salmonella sp. and characterization of virulence plasmids. of Salmonella sp. were performed as previously described.' hybridized and hybridized in 5 x standard saline citrate (SSC) Feces, tissues, feed, milk, or water samples were added to with 5 x Denhardt's Solution 9 containing 2.0 µg of calf thytetrathionate broth a with 0.5% iodine, incubated overnight mus DNA per cm 2 of membrane. Probe DNA (200 ng) was at 37 C, then plated on MacConkey CS Agar b and Brilliant radiolabeled by the random primer technique using αdATP32 Green Agar. a Isolates were screened using triple sugar iron b (3,000 Ci/mM) and a random primer labeling kit. k Uninand lysine iron b agars, which were grouped using rabbit poly-corporated αdATP 32 was removed from the labeled probe by clonal antisera. b Type C 1 -positive isolates were identified as passage over and elution from a co1umn. g Hybridizations S. cholerae-suis using API-20E strips, c and other Salmonella were performed in small plastic freezer bags with 10 ml/100 were identified using the AP70 system d or conventional bio-cm 2 of hybridization solution (as above) under conditions of chemical media. Salmonella sp. were serotyped by the Na-moderate stringency (37 C, 50% formamide for 16 hr) foltional Veterinary Services Laboratory, Ames, Iowa. Luria lowed by 4 30-min 22 C washes with 2 x SSC/0.2% SDS. broth (10 g/liter peptone, b 5 g/liter NaCl, 5 g/liter yeast ex-Air dried blots were then used to expose X-ray film 1 in castract b ) was used to propagate all strains used for DNA prep-settes with intensification screens? Films were developed usaration.
ing an automatic processor.
DNA preparation. Plasmid DNA was prepared by an alkaline lysis method? BamHI and EcoRI restriction enzymes
Results
were used according to the manufacturer's directions. e DNA Colony blots prepared from MaConkey's plates difragments for use as probes were eluted from 1.0% agarose rectly inoculated with feces, feed, or milk were gengels, f and 0.7% gels were used for plasmid profiles of field isolates. A restriction map of the probe DNA is shown in Fig. 1 .
Blotting techniques. Southern blots were performed using nylon membranes according to the manufacturer's recommendations for capillary transfer. g A 96-well dot blot apparatus h was was used for vacuum blotting samples onto the nylon membranes. One hundred microliters of cell suspension was lysed by addition of an equal volume of 0.4 N NaOH/1% sodium dodecyl sulfate (SDS) (pH 12.6) then drawn dropwise through the membrane. A low speed centrifugation (5 1,000 x g) was sometimes necessary to remove large particulate matter that could clog the dot blot apparatus. Blots were neutralized by gradual addition of 400 µ1 0.5 M Tris-HCl/1.5 m NaCl, air dried, and then UV cross-linked prior to hybridization. Colony blots were performed on Whatman H 541 filters' as described.* erally disappointing. This method worked well for samples in which Salmonella was the predominant isolate; but in most samples, E. coli and/or Proteus were the dominant flora. Hybridization signal intensities were low, and background counts were high. Selection and enrichment by primary growth in tetrathionate broth resulted in plates with >200-fold enhancement for Salmonella. Isolation was not necessary prior to blotting tetrathionate broth cultures by either vacuum blot or colony blot procedures, and results could be obtained within 48-72 hours of sampling.
A sample vacuum blot probed with virA is pictured in Fig. 2 . The hybridization signal is clearly strong for wild type S. typhimurium strain X3306 and S. cholerae-suis field isolates MO-340089 and MO-18585-89. As few as 2.3 x 10 7 CFU/well of S. cholerae-suis can be detected by this method. There is very little background signal with S. typhimurium strain X3337, which has been cured of the virulence plasmid. Similarly, there is low level background signal in row G, which contains 3.2 x 10 8 CFU/well of Escherichia coli. Table 2 lists the number of Salmonella colony forming units lysed per well for the vacuum blot shown in Fig. 2 .
Good results were also obtained by plating 10 µl of tetrathionate broth, which had been inoculated and incubated for 16 hours at 37 C, onto MaConkey's agar. These plates were then incubated for 4-6 hours to produce small colonies, which were transferred to Whatman 541 filter paper, lysed, and hybridized. Hybridizations were conducted overnight, but assay times could be reduced by increasing the amount and specific activity of the probe DNA used. Generally, virA-probed blots containing 10-20% positive isolates will result in approximately 10,000 dpm and will require 2.5 hours Table 2 . Sensitivity* of Salmonella of vacuum blots to virA probe DNA. detection by hybridization to expose film. Sixty-four samples from the environment, water, feed, and feces from a local dairy experiencing a salmonellosis outbreak were surveyed following loss of several animals. Salmonella sp. were identified from 12 sources, using either the virA probe or conventional culture techniques. The correlation between culture results and results obtained with colony blots probed with the virA probe are presented in Table 3 . Twelve positive Salmonella isolations agreed with the probe results, but 2 sources were probe negative/culture positive and 7 samples were probe positive/culture negative. The virA probe did hybridize to total DNA from isolates identified by the National Veterinary Services Laboratory as S. kentucky, S. worthington, S. drypool, and S. montevideo. Reports of invasive infection with S. montevideo have been published 7 but little has been published regarding the virulence of the other 3 isolates. This study demonstrates the presence of S. typhimurium virA homology among the 4 serovars isolated.
The present agreement between isolation and probe results for 64 samples was 85.9% (Table 4 ). There were 7 probe-positive colonies that were negative by culture, and 2 culture-positive samples were not detected by the probe. Salmonella sp. were recovered from 1 feed sample and several fecal samples but not from milk, water, or loose housing lots.
Characterization of S. cholerae-suis virulence factors
is another project our laboratory has been pursuing because there are significant feeder pig losses in Missouri due to this pathogen. The virA probe has enabled us to further characterize the plasmid electrophoretic profile obtained from various field isolates. Ethidium bromide-stained agarose gels revealed highly conserved 32-MD (50 kbp) plasmids and additional small (2-10 kbp) antimicrobial resistance plasmids (Fig. 3A) .
Southern blot hybridization to the virA probe (Fig. 3B) was confined to the large virulence plasmid. DNA from a group B non-typhimurium isolate in lane 5 did not contain a high molecular weight virulence plasmid (virA negative), whereas S. cholerae-suis isolate DNA in lanes S. dublin DNA in lane 7 all gave strong signals with virA. Of 50 C 1 -positive S. cholerae-suis plasmid DNA samples examined, 39 (76%) contained a 32-MD plasmid. Of these, 37 (96%) hybridized to the virA probe.
Discussion
Although additional testing is necessary to determine the source of disagreement between probe and culture results, 85.9% agreement is satisfactory for a preliminary screening assay. The positive probe results not confirmed by culture may be due to the stringency of hybridization conditions or failure to detect low numbers of Salmonella spp. by culture. Salmonella from the 2 sources that were not detected probably fell beyond the range of the probe sensitivity; both serovars were detected in other samples. It is also possible that probe-negative Salmonella isolates did not contain homologous virulence genes. virA probe from the pUC19 clone of virA pGTR001, resulted in much cleaner blots and fewer false positive or questionable blots. The higher copy number facilitates isolation of the plasmid, and recent CsCl-pre- pared DNA 9 from pGTR001 cut well, labeled to higher specific activity, and gave lower background counts.
The virA probe is not species/serovar specific but is a valuable screening tool to detect Salmonella pathogens. Serotyping will still be important for following infections. However, the virA probe enables screening of larger numbers of samples by less labor intense methods than culture, isolation, and identification. As animal health as related to food safety become more critical, the demand for such screens could increase. Developments in hybridization technology, such as the nonradioactive detection methods, that permit screening under less elaborate laboratory conditions make field detection kits a possibility. Finally, the virA probe will remain a valuable research tool and may help identify virulence genes with potential for vaccine development.
